ABSTRACT: This paper explores the direct shear behavior between carbon fiber-reinforced polymer ͑CFRP͒ laminates and concrete. To study the push-off strength and slip relationship of externally bonded strengthening system, a new test setup is proposed herein. In this research, a total of 27 specimens are tested. The test variables include the maximum compressive strength of concrete, from 4000 to 12000 psi. With this test setup, it has been found to be able to investigate the direct shear condition between the CFRP laminates and concrete. Based on the present test results, empirical formulas to account for the push-off strength and slip relationship of various concrete compressive strengths are developed. This relationship enables further understanding of the transfer mechanism between the CFRP laminates and concrete. Also, the effect of salt water on the ultimate direct shear strength of the CFRP strengthening system is discussed.
Introduction
Rehabilitation of structurally deteriorated or functionally obsolete reinforced concrete structures is one of the major tasks for the construction industries in the United States and around the world. Uses of externally bonded carbon fiber-reinforced polymer ͑CFRP͒ to strengthen reinforced concrete structures have been proved to be one of the solutions to this tough task. It has been found by several studies ͑Alexander and Cheng 1996; Arduini et al. 1997; Bian, Hsu, and Wang 1997; Chajes et al. 1997; Fanning and Kelly 2001; Grace 2001; Meier 1987; Meier et al. 1992; Nanni 1995 Nanni , 1997 Norris et al. 1997 .͒ that externally epoxy bonding a CFRP strip to the tension face of the beam is an effective technique for repair and retrofit of reinforced concrete beam under various loads. It has also been demonstrated analytically and experimentally ͑Bian, Hsu, and Wang 1997; Grace 2001; Fanning and Kelly 2001; Quan-trill et al. 1996; Bizindavyi et al. 1999 .͒ that in some cases, the CFRP strengthen reinforced concrete beams cannot attain their ultimate flexural capacities due to either debonding of the CFRP strips from the concrete or development of horizontal cracking and subsequent separation of the concrete cover ͑delamination͒ at the reinforcing steel level. These types of failure mechanisms are possibly instigated by high local interfacial bond stresses and high peeling forces developed at the ends of CFRP strips. To prevent such premature failures, several methods have been developed over the years. These include the use of end anchorage steel plates ͑Bian, Hsu, and Wang 1997.͒ ͑in particular for a shorter beam͒, the development of anchorage length or bond development length ͑Bizindavyi et al. 1999; Hsu, Bian, and Jia 1997.͒ ͑for a longer beam͒, etc.
It is well known that the bonding strength of externally bonded CFRP laminates and concrete depends not only on the quality of epoxy resin, and the CFRP strips, but also the quality of surface preparation, the perfect and compact bonding, and the concrete itself. Thus the following objectives of this research have been established:
• To determine the bonding strength of the interface between adhesives and concrete in CFRP strengthened reinforced concrete beams.
• To study the push-off strength and slip relationship of the interface between adhesives and concrete in CFRP strengthened beams.
• To develop an empirical push-off strength and slip equation of the interface between adhesives and concrete for possible use in analytical modeling or finite element analysis of CFRP strengthened beams.
• To develop empirical formulas for direct shear strength for use in design which may be functions of concrete compressive strength , etc.
• To investigate the interface characteristics between adhesives and concrete when the direct shear specimens are in a sea water environment.
Research Significance
A new experimental setup is proposed herein to study the bond strength versus slippage relationship between the externally bonded CFRP laminates and concrete. The test results and their empirical bond-slip equations and the effect of sea or salt water on the ultimate bond strength can be found useful for providing design guidelines and data for this type of strengthening in the rehabilitation projects.
Experimental Program
Carbon Fiber Reinforces Polymer ͑CFRP͒ Sika Corporation, Lyndhurst, New Jersey, has provided the CFRP for this research. The CFRP strips ͑Sika CarboDur͒ ͑Sika Corp.1997͒ are manufactured through a pultrusion process ͑Table 1͒. Parallel filaments are pulled through the impregnated bath, and formed into strips under heat, and hardened. The CFRP strips have a fiber volume fraction of about 65 %, have an apparent density of 99.7 pounds per cubic foot ͑1.6 g / cm 3 ͒, and are in black. The strips can be made theoretically in any dimensions. The CFRP strips used in this research are 2 in. ͑50 mm͒ wide, 1 / 20 in. ͑1.2 mm͒ thick. The temperature resistance of these CFRP strips is about 500°C. The shelf life of these strips is unlimited.
CFRP strips are unidirectional and have a longitudinal tensile strength of 348 ksi ͑2400 N / mm 2 ͒. The lateral strength of the strips is negligible. The strips are elastic until break. The modulus of elasticity is 22.5ϫ 10 6 psi ͑155 000 N / mm 2 ͒. The elongation at break is 1.4%.
Epoxy Resin
The epoxy resin ͑SikaDur-30͒ ͑Sika Corp.1997͒ used in this research is also provided by Sika Corporation. The epoxy consists of two components. Part A is white and part B is dark gray. The mix ratio of parts A and B is three to one by weight. The mixture of the two is light gray. The two components have a shelf life of one year at +5°C to + 25°C. The pot life of the mixtures is about 40 min at +35°C. The density of the mixture is 0.107 pounds per cubic foot ͑1.77 kg/ l͒.
The shrinkage of the SikaDur-30 is 0.04 %. Brittle temperature is 60°C. The coefficient of expansion is 6 ϫ 10 −5 per degree centigrade. The compressive strength of the epoxy is about 14.5 ksi ͑100 N / mm 2 ͒. The adhesive strength on steel is above 3.77 ksi ͑26 N/mm 2 ͒. The adhesive strength on concrete is above 290 psi ͑2 N/mm 2 ͒. The modulus of elasticity is 1.856ϫ 10 6 psi ͑12 800 N / mm 2 ͒. The epoxy can reach its full strength after about 72 h of curing at room temperature.
Concrete
Type III high early strength cement was used in this research. The mixing designs of the concrete specimens are listed in Table 2 .
Installation of CFRP strips
Proper procedure and quality control of installation of carbon fiberreinforced polymer strips are critical to the success of CFRP strengthening systems. The bonding strength of a CFRP strengthening system is significantly affected by the surface conditions of the specimens.
The concrete substrata to be strengthened must be sound and clean. Sand blasting was utilized to treat the concrete surfaces in this research. The weak concrete on all specimen surfaces to which CFRP was applied, was removed by sand blasting. The pressure of compressed air used was 80-100 psi. The surface was blasted until the coarse aggregate was revealed. The carbon fiber strips were cleaned with acetone before installation. This process was repeated until the washcloth was no longer blackened.
The epoxy was mixed with a mechanical mixer. A low speed mixer was used to reduce the amount of air introduced into epoxy when mixing. The epoxy was applied to both carbon fiber and concrete substrata. The fiber strips were compressed to the concrete substrata with an ordinary paint roller. The extra epoxy was squeezed out and removed.
The thickness of the epoxy was controlled to be about 1/20 of an inch ͑1.2 mm͒. The specimens were cured at room temperatures for at least forty eight hours before testing. More details of the installation procedures can be found in the Sika literature.
Direct Shear Test Setup and Testing Procedures
The common test setup for measuring bonding strength of epoxyresin systems with concrete is a slant shear test ͑ASTM C882-1991͒. To further understand the direct shear behavior of CFRP strengthening system, a new test setup ͑Bian, Hsu, and Wang 1997; Hsu, Bian, and Jia 1997.͒ ͑See Fig. 1͒ was employed in this research. This new experimental setup not only measured the pushoff strength of the CFRP strengthening system, but also revealed the push-off strength and slip relationship of the system. Knowing the exact relationship is critical to determining the bonding development length of the CFRP strengthened beams ͑Milton et al.
1990͒.
In this direct shear test, a 6 in. by 2 in. carbon fiber strip was sandwiched between two concrete brackets. Both concrete substrata surfaces were sand blasted. The smooth side of the carbon fiber strips was roughed by grade 100 sandpaper, and then cleaned thoroughly with acetone. One side of the strip was glued to one concrete bracket in a 2 in. by 2 in. area, which was proposed to be the failure surface. The other side of the strip was glued to the other concrete bracket in a 6 in. by 2 in. area to which the Strip proposed to remain fixed. The thickness of both epoxy layers was 1 / 20 of an inch ͑1.2 mm͒.
A closed-loop ͑MTS͒ machine was used in the bond-slip tests ͑See Fig. 2͒ . Compressive loads were applied to the end of the bracket and recorded. The constant movement of the loading piston controlled the loading rate. The moving rate of the piston was 2.5 ϫ 10 −6 in./ s. Clip gages were installed on both sides of the specimen to measure the slip values.
Test Results and Discussion

Test Results and Empirical Equations of Push-Off Strength and Slip
Eighteen specimens, with concrete strength from 4000 to 12 000 psi, were tested to study the relationships among concrete strength, direct shear strength, and push-off strength and slip of the CFRP strengthening system. The compressive strength and splitting tensile strength of the concrete specimens were determined with respect to the push-off strength. The test results are summarized in Table 3 . The failure of all of these specimens except BS18 was concrete failure. The failure surface was a layer of concrete with thickness about 1 / 20 of an inch. They were almost exactly the same area as that of 2 in. by 2 in. CFRP area ͑see Fig. 3͒ . The failure of BS18 was the failure of the epoxy. The specimens had a very high concrete strength, 11 760 psi, which was close to the compressive strength of the epoxy. This test phenomenon indicates that when the strength of concrete is close to that of the epoxy, the failure of CFRP strengthening may occur in the epoxy itself. Figure 4 and Table 3 show the relationships between the pushoff strength and compressive strength for BS1 through BS18. As indicated, the test results show that the ultimate push-off strength of the CFRP strengthening system increases with the compressive strength, and the splitting tensile strength of the concrete. The rate of increase is relatively low when the compressive strength of the concrete is below 7000 psi ͑Table 3͒ Different curve fitting techniques were tried to find the best fitting curves. Multiple correlation R 2 ͑Milton and Arnold 1990͒ was employed to determine the accuracy in Fig. 4 . Values of R 2 close to 1 are taken as an indication that the curve describes the data well. The following empirical formula can be drawn from these relationships between the ultimate direct shear or push-off strength and the maximum compressive strength of the concrete:
where b,max is the ultimate direct shear or push-off strength ͑psi͒ and f c Ј is the maximum compressive strength of concrete ͑psi͒.
To study the relationship as shown in Fig. 5 , between the ultimate direct shear or push-off strength and the slip, a series of direct shear experiments were conducted for a total of 18 specimens ͑BS1 through BS18͒. Their push-off strength and test results are presented in Figs. 6-12 . Based on the present test results, the relationship between the ultimate direct shear or push-off strength and its corresponding slip is given by the following empirical equation:
where s max is slip at ultimate direct shear or push-off strength ͑10 −4 in.͒. Figure 6 summaries the normalized bond-slip relationship for a total of 18-test specimen ͑BS1 through BS18͒ with different values of f c Ј. The empirical equation has been found as follows:
where b is the direct shear or push-off strength ͑psi͒ and s is the slip ͑in.͒. From Eq 1, one can determine the ultimate direct shear or pushoff strength b,max of CFRP strengthening system for any given maximum compressive strength f c Ј of the concrete. For this value of b,max one can then calculate the slip s max at ultimate direct shear or push-off strength from Eq 2. To depict and illustrate the push-off strength and slip behavior of a particular concrete, Eq 3 can be found useful to characterize such a behavior.
Effect of Salt Water on Ultimate Direct Shear Strength
A total of nine test specimens, designated as BS19 to BS27, were tested to study the effect of saltwater on the ultimate bond strength. BS19, 20, 21, and 22 were control specimens. BS23, 24, and 25 were submerged in the salt water ͑7% concentration͒ for three days before the CFRP system was installed. Then the specimens were cured in a saturated curing chamber for at least three days before they were tested. BS26 and 27 were also submerged in the same salt water for three days before the CFRP system were installed. However, instead of putting these specimens into a saturated curing chamber they were again submerged in the salt water for at least three days. BS27 was air dried for two days before it was tested. These two groups of tests were designed to determine whether the effectiveness of the Sika CFRP system might be compromised by the sea water for which the infrastructure may be required to endure. Table 4 summarizes the test results. It should be noted that in the previous flexural tests conducted at NJIT ͑Bian, Hsu, and Wang 1997͒ failure is always initiated by delamination, which is the failure of a layer of concrete adjacent to the epoxy resin. The failure mode of the present direct shear tests agrees with that from the flexural tests. It is observed that sea water does have some effect on the curing process of the epoxy. The ultimate push-off strength of the specimens submerged in sea water is 30% lower than those of the control specimens. The effect of freeze thaw cycles on the CFRP system has not be determined at this time due to the lack of experiments. It is important to note that the direct shear test reported here is different from the test setup as reported in the Sika literature ͑Sika Corp. 1997͒.
Conclusions
For infrastructure in a state of despair, the product such as CFRP offers an important technological repair alternative. With this strengthening system or others like it, structural rehabilitation rather than structural replacement becomes a real possibility. Based on the research performed herein, the following conclusions can be drawn:
1. A new direct shear test setup is proposed herein and has been found to be able to study the push-off strength and slip behavior of CFRP laminates and concrete. 2. The present test results indicate that the ultimate direct shear or push-off strength of the CFRP strengthening system increases almost linearly with the maximum compressive strength f c Ј of the concrete and the splitting tensile strength f sp Ј of the concrete.
3. Empirical formulas in Eqs 1-3, which depict the relationships of the ultimate direct shear or push-off strength b,max , the maximum compressive strength f c Ј of the concrete, the slip s max at ultimate direct shear or push-off strength, and also the push-off strength b , and slip s behavior, can be found useful in providing design guidelines for such a strengthening system. 4. The using of bonding agent or epoxy resin in sea or salt water influences the ultimate direct shear strength and the effectiveness of the epoxy resin of the CFRP strengthening system. 
